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Objectives. Evaluation of the prognostic ability of the APACHE-AAA model in an independent group of post-operative
(open) Abdominal Aortic Aneurysm (AAA) patients.
Methods. The model was applied to predict in-hospital mortality in 541 patients (325 elective and 216 emergencies; 489
from Oxford; 52 from Lewisham). Multi-level modelling was used to adjust for both the local structure and process of care
and patient case-mix. Model performance was assessed using goodness-of-fit and subgroup analyses.
Results. The model’s predictive ability to discriminate between dead and alive patients was very good (ROC area¼ 0.84).
The model achieved a good fit across all strata of risk (Hosmer-Lemeshow C-test (8, N ¼ 476) ¼ 7.777, p ¼ 0.456) and in all
subgroups. The model was able to rank the ICUs according to their performance independently of the patient case-mix.
Conclusion. The APACHE-AAA model accurately predicted in-hospital mortality in a population of patients independent
of the one used to develop it, confirming its validity. The multi-level methodology employed has shown that patient outcome
is not only a function of the patient case-mix but instead predictive models should also adjust for the individual hospital-
related factors (structure and process of care).
 2007 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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The APACHE-AAA model,1 based on the principles
of the Acute Physiology and Chronic Health Evalua-
tion (APACHE-II) methodology2 was developed us-
ing data from 24 general Intensive Care Units (ICUs)
in North Thames, United Kingdom (UK) collected
over a 9 year period from 1992 to 2000. It was de-
signed for use in applications of risk stratification
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E-mail address: vassilis@doctors.org.uk78–5884/000514+ 08 $32.00/0  2007 European Society for Vascumodelling in the post-operative ICU care of abdomi-
nal aortic aneurysm (AAA) patients and so data
were collected just after the completion of the opera-
tion, before ICU care had had any influence on out-
come. It is the only published model which is
applicable for both elective and emergency AAA re-
pairs and was developed using a two-level multiple
logistic regression analysis, by adjusting for any pos-
sible clustering of patients among the different ICUs
(the so called ‘‘ICU effect’’ on patient outcome). It
has been internally validated using measures of cali-
bration, discrimination and subgroup analyses.
The model was created to fill a literature vacuum in
risk stratificationmodelling in the post-operative AAAlar Surgery. Published by Elsevier Ltd. All rights reserved.
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it was advocated for use in comparative audit of the
post-operative critical care facilities in this group of pa-
tients, by comparing the actual with the predictedmor-
tality. It may also be used in ‘‘outcome studies’’ to
determine the factors influencing AAA patient out-
come in the post-operative ICU care setting. Themodel
was also suggested to be useful as a guide for adminis-
trators when purchasing critical care services for AAA
patients.3 Furthermore, it may be used in research4 in-
volving AAA surgery to assess whether groups are
comparable in terms of underlying case mix or may
beused as aquantitative surrogatemeasure, summaris-
ing an AAA patient’s post-operative clinical status, to
aid exchange of information between clinicians. In
a study5 comparing the model with clinician predic-
tions and those of neural networks, the APACHE-
AAA was advocated for post-operative use as an ad-
junct in the process of generating informed prognosis
to decrease uncertainty and promote communication
among clinicians, patients and patients’ families. Fur-
thermore, the APACHE-AAA model has been shown6
to be a more accurate risk stratification model than
other contemporary models in its target population of
post-operative AAA patients managed in ICU.
Despite the internal validity1 of this model and its
apparent success over other methods of prediction,5,6
as the data used to develop the original model1 were
collected from a particular region of the UK, infer-
ences about the applicability of the model elsewhere
can not be made until it is validated in another region.
The purpose of this study was to formally test the ex-
ternal validity of the APACHE-AAA model in a group
of post-operative AAA patients managed in ICUs in-
dependent from the units used to develop the model,
using multi-level methodology.
Methods
Data sources, study outcome and prognostic variables
Patient information was collected from post-operative
AAA patients managed in the ICUs of John Radcliffe
Hospital, Oxford (January 1999 to December 2004)
and University Hospital Lewisham, London (October
2003 to September 2004), both in the UK.A comprehen-
sive description of this external validation database has
already been published,6 with the most important fea-
ture being that there was no patient overlap with the
original North-East Thames database used to develop
the APACHE-AAAmodel.1 These two databases com-
prised patients fromdifferent hospitals in separate geo-
graphical regions of the UK and as only the firstadmission to ICU was included for every patient, this
ensured that the two databases were independent of
each other. Eligible patients for inclusion in the study
were those who underwent elective or emergency
open surgical repair of AAA and were transferred
post-operatively directly to the ICU for further man-
agement within the same hospital. Endovascular
AAA repairs were excluded, in keeping with the origi-
nal APACHE-AAA methodology.
The dataset definitions used in the development
study of the APACHE-AAA1 model were replicated
in this study. The primary outcome was in-hospital
mortality and the four prognostic variables used in
the APACHE-AAA model include: (1) the Acute
Physiology Score (APS) as defined in the original
APACHE-II study2 (2) the Chronic Health (CH) status,
classified as a binary variable according to whether or
not the patient had any chronic health dysfunction
(that is, a history of severe organ system insufficiency
or immunosuppression; (3) operative urgency (classi-
fied using the National Confidential Enquiry into
Perioperative Deaths (NCEPOD) classification7 of op-
erations as an emergency (ruptured, leaking and
symptomatic categorised by NCEPOD as emer-
gency/urgent) or elective (NCEPOD scheduled/elec-
tive) surgical procedure; (4) chronological age. The
values of these variables were taken to be the last re-
corded value on the anaesthesia sheet in the operating
theatre after the end of the operation or the first re-
corded value on admission to the ICU (the latter for
information on biochemical parameters), consistent
with the APACHE-AAA methodology.1
Statistical methodology
Univariate logistic regression analysis was performed
to confirm that the risk factors used in the APACHE-
AAA model1 were also associated with in-hospital
mortality in this external validation group of patients.
The variables whose univariate test had a p < 0.25 were
entered into multiple regression analysis8 to identify
independent risk factors for in-hospital mortality, the
influence of any interaction terms between the predic-
tors, the influence of the year of operation and patient
sex. Chi-square-for-trend analysis was performed to
assess whether there was any variation in the ratio of
emergency to elective cases over the years and to assess
whether mortality changed during the study time
period. Independent samples t-tests for continuous
variables, and Pearson’s chi-square tests for categorical
variables, were performed to compare the original
APACHE-AAA development (North-Thames) data-
base with the external validation (Oxford/Lewisham)Eur J Vasc Endovasc Surg Vol 34, November 2007
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patients from Oxford and Lewisham hospitals.
The original APACHE-AAA model1 was applied to
the external validation database by using the pub-
lished equations of the model (Table 1). Patients
from the same ICU share many unmeasured prognos-
tic factors (such as staffing levels and organisational
features of the local ICU) resulting in the possibility
that the outcome data of patients in the same ICU
may correlate (that is, exhibiting ‘‘clustering’’ or shar-
ing the same ‘‘ICU effect’’). In order to allow a true as-
sessment of whether the model’s predictor variables
accurately described the patient case-mix, indepen-
dently from the ICU effect, multilevel modelling9,10
was applied. This method can mathematically adjust
for the individuality of this structure and process of
care of the external validation ICUs by using a differ-
ent constant K for each ICU. This constant represented
the individual ‘‘ICU effect’’ independent of the influ-
ence of case-mix on the patient outcome. Therefore,
a multilevel model using all 26 units (24 from the de-
velopment database and 2 from the validation data-
base) was then applied to assess the ‘‘ICU effect’’ of
each unit on patient outcome, and hence confirm the
size of constant necessary to be used for each ICU
unit in the equations (Table 1). The Gibb’s re-sampling
method9 with 10 000 iterations was applied to reduce
‘‘over-fitting’’ (the generalisation error) and calculate
confidence limits and correct bias in the parameter
estimation.
The external validity of the APACHE-AAA model
was evaluated by measures of calibration and dis-
crimination, as well as subgroup analysis. Statistical
analysis was two-sided using a significance level of
p < 0.05. Calibration8 or how well the model ‘‘fits’’
the observed outcome (goodness of fit) refers to the
ability of the model to assign the correct probabilities
of outcome to individual patients. This ability was
assessed using the Hosmer-Lemeshow C statistic11
Table 1. Equations used to apply the APACHE-AAA model in the
Oxford/Lewisham population
(1) LogitðpÞ ¼ ð0:05 AgeÞ þ ð0:13 APSÞ þ ð1:58 EmergencyÞ
þð0:36 CH dysfunctionÞ þK
(2) p ¼ explogitðpÞ=½1þ explogitðpÞ
Logit( p)¼ the natural logarithm of the odds ratio of in-hospital
death.
p¼ the probability of in-hospital death.
K¼ a constant with a range of possible values, defined by the 24
ICUs used to develop the APACHE-AAA model1, with a mean
(SD) value of 6.96 (0.70).
APS¼Acute Physiology Score.
CH¼Chronic Health.Eur J Vasc Endovasc Surg Vol 34, November 2007in which a high p value would indicate a good model
fit. Model discrimination refers to the ability of the
model to be applied in any pair of patients, one of
which goes on to die and the other lives on, and to as-
sign higher probabilities of death to the patient who
actually dies than the one who lives. This was evalu-
ated by the C-Index which is equivalent to the area
under the receiver operating characteristic (ROC)
curve.11
Software
Analysis was performed using the computer software:
‘‘Statistical Package for the Social Sciences’’ version 12
for Windows (SPSS, Chicago, Illinois, USA), and In-
tercooled STATA 8.0 for Windows (STATA corpora-
tion, College Station, TX, USA).
Results
Demographics and basic comparative data
An extensive description of the external validation da-
tabase has already been published in a recent study6
from our group. The database comprised 489 patients
from Oxford and 52 patients from Lewisham. 65 pa-
tients from Oxford who had a missing CH status
were included in the analysis. Analysis of the missing
CH status data did not reveal a statistically significant
bias of distribution of missing values among the cate-
gories of operative urgency and their associated mor-
tality. In-hospital mortality rates were: for elective
surgery patients (N ¼ 325) 6.2% (95% confidence inter-
vals (C.I.): 3.5e8.8%) and for emergency surgery pa-
tients (N ¼ 216) 28.7% (95%C.I.: 22.5e34.9%). The
mean (SD) age was 71.1 (8.0) years, 86.3% of all the
patients were male and 12.2% had Chronic Health
dysfunction. Patient sex ( p ¼ 0.783) and year of oper-
ation ( p ¼ 0.308) were not found to be independent
predictors of outcome when adjusted for Age, APS,
CH status and operative urgency. None of the six
pairs of possible variable interaction terms were
found to be independent predictors when adjusted
for these 4 variables. There was a significant drop in
the ratio of emergency to elective operations over
the 6 years of study (Chi-Square for trend: (1,
N ¼ 541)¼7.713, p ¼ 0.006). There was no significant
change in the mortality risk over this period (Chi-
Square for trend: (1, N¼ 541)¼0.794, p ¼ 0.373).
A comparison of the external validation database to
the original North Thames database, in terms of some
of the important determinants of the patient case-mix
and outcome is available in Table 2. The differences
517Validation Study of the APACHE-AAA Modelshown for the APS and Age remain statistically signif-
icant in both elective and emergency patients. The cor-
responding results for the comparison between the
Oxford and Lewisham patients are shown in Table 3.
Adjustment for the structure and process of care
(multilevel modelling)
The 26 unit multilevel logistic regression model is
shown in Table 4, demonstrating that the regression
coefficients of the predictor variables did not change
significantly in relation to the development model,1
confirming the reliability of the model. The size of
the adjustment to the constant necessary to compen-
sate for the individual ‘‘ICU effect’’ for each of the
26 units, is shown in Fig. 1. This confirmed an ‘‘out-
lier’’ performance for the Oxford ICU (performing
better than predicted) and hence the significant ad-
justment (1.29 0.36 (SD) from a mean (SD) ICU
constant of 7.22 (0.51)) necessary to be applied to
eliminate the better than ‘‘average’’ ICU performance
before assessing whether the model adequately de-
scribed the patient case-mix. Fig. 2 depicts the pre-
dicted in-hospital mortality (mean and 95% C.I.) for
each of the 26 ICUs, with adjustment only for the pa-
tient case-mix (without adjustment for the individual
‘‘ICU effect’’). The outlier performance of Oxford is
clearly shown with the C.I. of the predicted mortality
(on the basis of patient case-mix alone) lying sepa-
rately to the observed. In Fig. 3, after adjustment for
both the patient case-mix and the individual ‘‘ICU
Table 2. Comparison of the development and validation databases
Variable for comparison
between databases
North-Thames
(Development)
Oxford-
Lewisham
(Validation)
P-value
In-hospital
mortality (%)
All patients 21.5 15.2 0.0011
Elective 9.6 6.2 0.0501
Emergency 46.9 28.7 <0.0011
APS emean
(SD) points
All patients 8.0 (6.7) 13.8 (6.8) <0.0012
Age emean
(SD) years
All patients 71.1 (8.0) 73.0 (7.3) <0.0012
Emergency
workload (%)
31.9 39.9 0.0011
% of patients
with CH
dysfunction
All patients 24.0 12.2 <0.0011
Elective 24.0 7.9 <0.0011
Emergency 24.0 18.2 0.0931
Male
patients (%)
83.5 86.3 0.1191
ICU stay e
mean (SD)
days
14.1 (4.5) 3.4 (6.8) <0.0013
1 Pearson’s Chi-Square test.
2 Independent samples t-test for unequal variances.
3 Independent samples t-test for equal variances.effect’’ the model is shown to fit well all the ICUs, con-
firming that the model is valid for all ICUs, even in
the case of an outlier performance. This multilevel lo-
gistic regression model, demonstrated a statistically
significant variation in outcome between ICU units,
as evidenced by the level two variance (s2u ¼ 0.223,
SD 0.100, Chi-Squared¼ 4.947, 1df, p ¼ 0.026), due to
the outlier performance of the Oxford ICU. This is
in contrast to the development model1 which did
not show a significant difference between the ICU ‘‘ef-
fects’’ of the different hospitals (s2u ¼ 0.054, SE 0.058,
Chi-Squared¼ 0.833, 1df, p ¼ 0.361).
Discrimination, calibration and subgroup analyses
The discrimination properties of the APACHE-AAA
model applied to the external validation database
were well maintained with a C-Index (0.842,
95%C.I.¼ 0.799e0.885), which was not significantly
different (Chi-Square test for two independent pro-
portions (1, N ¼ 1751, 476)¼ 0.022, p ¼ 0.881) to that
of the APACHE-AAA development study (0.845,
95% C.I.¼ 0.821e0.868). After adjustment for the indi-
vidual ICU effect (and thereby eliminating the con-
founding effect of the structure and process of care
on outcome), the APACHE-AAA equation was suc-
cessful in achieving a good fit of the model to the exter-
nal validation population. This confirmed that the
model’s predictor variables accurately described the
patient case-mix. The model’s calibration properties
are shown in Fig. 4 depicting relatively uniform model
predictions across all deciles of risk, as evidenced by
the Hosmer-Lemeshow C-test (8, N¼ 476)¼7.777,
p ¼ 0.456).
As a further measure of the internal validity of this
model, subgroup analysis was performed, with respect
to the chronic health status (Pearson’s Chi-Square
(1, N ¼ 476)¼6.266, p ¼ 0.617) and the urgency of the
operation (Pearson’s Chi-Square (1, N¼ 476)¼1.023,
p ¼ 0.998) respectively. The model’s predictions rested
within the 95% C.I. of the observed mortality across
both categories of operative urgency and chronic
health status.
Discussion
This study evaluated the application of the internally
valid APACHE-AAA model, developed from a group
of 24 ICUs in North Thames, to patients derived from
two hospitals independent from the development
group. The ability of the model to discriminate be-
tween survivors and patients who died was not signif-
icantly different compared to the original developmentEur J Vasc Endovasc Surg Vol 34, November 2007
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Variable for comparison between hospitals Oxford Lewisham P-value
In-hospital % mortality (N Dead/Total) All patients 14.3 (70/489) 23.1 (12/52) 0.0941
Elective 5.9 (17/288) 8.1 (3/37) 0.4862
Emergency 26.4 (53/201) 60.0 (9/15) 0.0142
APS emean (SD) points All patients 13.8 (6.7) 13.7 (7.4) 0.9083
Age emean (SD) years All patients 73.1 (7.4) 72.5 (6.8) 0.6113
Emergency workload (%) 41.1 (201/489) 28.8 (15/52) 0.0861
% of patients with CH dysfunction All patients 13.7 (58/424) 0.0 (0/52) 0.0012
Elective 9.1 (22/241) 0.0 (0/37) 0.0542
Emergency 19.7 (36/183) 0.0 (0/15) 0.0782
Male patients (%) 87.3 (427/489) 76.9 (40/52) 0.0381
1 Pearson’s Chi-Square test.
2 Fisher’s Exact Test.
3 Independent samples t-test for equal variances.study, with the ROC area11 (C-index) remaining above
0.84. Adjustment for both patient case-mix and the
local ‘‘ICU effect’’ allowed the model to fit the external
validation population accurately across all risk strata
and subgroups, confirming the reliability of the
APACHE-AAA model even in an outlier ICU.
Data validity
The in-hospital mortality rate was consistent with the
literature,12,13 and the finding that gender was not
a significant predictor of outcome was also consistent
with previously published UK work.14,15 The propor-
tion of missing data in the study compared well with
rates in similar studies, such as the original APACHE
II study,2 the APACHE-AAA study,1 the UK APACHE
II study16 and the recent Vascular Biochemistry and
Haematology Outcome Model for vascular surgery
from the National Vascular Database.17 Most impor-
tantly, analysis of the missing data of the CH status
did not reveal a bias of distribution of missing values
among the categories of operative urgency and their
associated mortality.
On comparison of the two databases it was appar-
ent that the significant difference in the in-hospital
mortality between them was mostly due to the im-
proved survival of the emergency cases in the external
validation database. In addition, the proportion of
emergency cases operated in this database was higher
Table 4. The 26 ICU APACHE-AAA Multilevel Model
Risk Factors Coefficient b SD Odds ratio 95% C.I.
Age (per year) 0.05 0.01 1.05 1.04e1.07
Acute Physiology
Score (per unit)
0.13 0.01 1.14 1.12e1.15
Emergency operation 1.58 0.07 4.83 4.21e5.55
Chronic Health
dysfunction
0.40 0.07 1.49 1.29e1.71
Constant 7.22 0.51Eur J Vasc Endovasc Surg Vol 34, November 2007than in North Thames. The patients in the external
validation database had a higher APS score at the
end of their operation while the proportion of patients
operated with CH dysfunction in the external valida-
tion group was half of the one in North-Thames. This
latter difference was attributed mostly to the elective
patients as there was no significant difference in the
CH status of emergency patients between the two da-
tabases. Oxford and Lewisham patients were mostly
comparable except for the significantly lower preva-
lence of CH dysfunction in Lewisham patients and
the higher in-hospital mortality of their emergency
patients.
Model interpretation
Many researchers believe that prognostic indices inev-
itably perform less well18 when tested in an indepen-
dent population. Specifically, the usual pattern in
external validation studies is that the discriminatory
property of the model is preserved at the expense of
imperfect calibration.16,19e21 A marked deterioration
in the discriminative ability of a model cannot be cor-
rected,22 while poor calibration is easily correctable.23
There are various explanations in the literature to
account for the deterioration of a model’s perfor-
mance in an external validation study. The factor
with the biggest impact is the difference in the struc-
ture and process of care in the different institu-
tions22,24 which has an effect on patient outcome
independently of the case-mix. The APACHE-AAA
model had originally been developed by using multi-
level methodology to enable it to have a range of pos-
sible equation constants, each one reflecting this
individual ICU ‘‘effect’’ on the model’s outcome.
This ‘‘ICU effect’’ incorporates the combined influ-
ence of the hospital-related structure and process of
care (such as organisation, financing, staffing levels,
teamwork, volume and pressure of work, ICU
519Validation Study of the APACHE-AAA ModelFig. 1. Hospital ICU ranking according to the magnitude of the ‘‘ICU’’ effect on patient outcome.Eur J Vasc Endovasc Surg Vol 34, November 2007admission and discharge policies, technology and im-
plementation of pathways of care) on patient out-
come, independently of the case-mix of the patient
population, and can therefore be a confounding factor
which has to be adjusted for. Contemporary models in
vascular surgery only take into account the patient
case-mix and ignore this ‘‘hospital effect’’. Another
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in the relationship between the predictor variables
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prognostically distinct, introducing a case-mix selec-
tion bias compared to the original database. A predic-
tive model which accurately describes case-mix by its
predictor variables should not be affected by any se-
lection bias in a patient population, except for the
case when the original model was ‘‘over-fitted’’ to
its development population, by using too many vari-
ables resulting in a Type I error. This factor does not
apply to this study as the rule of at least ten outcome
events per potential predictor variable23 was followed
during development of the APACHE-AAA model to
prevent this happening.
Multi-level methodology has overcome the main
hurdle in applying a model to an independent patient
population. The study presented here takes advantage
of this method of modelling which allows adjustment
for both case-mix and for the individual ICU effect
(structure and process of care) on predicted outcome.
This is an essential prerequisite for applying the prin-
ciple of a ‘‘one-model-fits-all’’, as long as the individ-
ual hospital-related effects have been adjusted for.
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